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Background. Mitral stenosis is characterized by progressive pulmonary hypertension and eventual right ventricular failure. However, the correlation between right ventricular failure and the level of pulmonary hypertension is poor, suggesting that factors other than those recognized from nonpulsatile hemodynamic parameters may contribute to impaired right ventricular performance in this condition.
Methods and Results. We studied 16 patients with severe mitral stenosis (mean valve area, 1.0+0.2 cm2) at supine rest and during pacing tachycardia using high-fidelity catheter recordings of pulmonary artery (PA) pressure and flow velocity. Pulmonary impedance spectra, wave reflection properties, and hydraulic power data were derived from Fourier analysis of signal-averaged data. Pacing tachycardia (baseline heart rate, 81± 11 beats per minute; pacing, 132+ 11 beats per minute) significantly raised pulmonary wedge and mean PA pressures. There was no change in pulmonary vascular resistance (209± 144 to 232± 164 dyne-sec/cm5) or PA characteristic impedance (62±25 to 55+±28 dyne-sec/cm5). However, first harmonic impedance (Z1) significantly decreased (134±71 to 100±68 dyne-sec/cm5; p<0.001). Accordingly, oscillatory and total dissipated hydraulic power per unit forward flow (WT/CO) fell during tachycardia (2.6±1.6 to 2.3+±1.4 mW/ml* sec-'; p=0.06) despite acute pulmonary hypertension. Reflected pressure waves returned earlier to the proximal PA, suggesting increased vessel stiffness. Immediately after percutaneous balloon mitral valvuloplasty (PBV) in eight of the patients, baseline and pacing data were again recorded. Compared with the pre-PBV baseline state, post-PBV resting data demonstrated no change in resistance or characteristic impedance, but there was a significant fall in Z1 (166±75 to 103±45 dyne-sec/cm5; p<0.05) and in the magnitude of pulmonary wave reflections. WT/CO tended to decrease after PBV, and pacing after PBV produced a further decrease in WT/CO, again in association with lower ZI.
Conclusions. These data demonstrate that 1) increased pulmonary characteristic impedance, although a feature of mitral stenosis, is not exacerbated by the acute effects of increased distending pressure; 2) pacing tachycardia in mitral stenosis causes little change in the pulmonary impedance spectrum except at low frequencies, where decreased impedance lowers power requirements per unit flow; and 3) relief of mitral stenosis produces immediate improvement in low-frequency impedance and in hydraulic power requirements. These findings suggest that although characteristic impedance may be a measure of the long-term effects of pulmonary hypertension on the pulmonary circulation, acute increases and decreases in PA pressure produce effects on right ventricular load that are best described in terms of the low-frequency properties of the PA system. Improvement in low-frequency impedance diminishes hydraulic power requirements and thus reflects improved ventricular-vascular coupling, irrespective of distending PA pressure. Efforts to treat or prevent right heart failure in the presence of pulmonary hypertension should take account of the potential benefit of changes in low-frequency impedance characteristics of the pulmonary vascular bed. ( We report an investigation of steady and pulsatile pulmonary hemodynamics in patients with chronic pulmonary hypertension due to mitral stenosis. The goals of this project were 1) to define the changes in pulmonary artery (PA) impedance and right ventricularvascular coupling seen in chronic pulmonary hypertension in mitral stenosis, 2) to assess the effects of acute increases in PA pressure by analyzing pulmonary hydraulic properties during pacing tachycardia in these patients, and 3) to determine whether immediate improvement in PA flow dynamics occurred in those patients undergoing catheter balloon valvuloplasty for relief of mitral stenosis.
Methods
Sixteen patients with mitral stenosis form the basis of this report. There were two male and 14 female patients with a mean age of 52 years (range, 20-74 years). Each patient had symptoms and physical findings of rheumatic mitral stenosis, and cardiac catheterization was clinically indicated to define the severity of the disease before consideration of mitral valvuloplasty or valve replacement. In eight patients, the research protocol was carried out at the time of balloon valvuloplasty. Before participation in the study, its nature and risks were explained, and informed consent was obtained in accordance with the policies of the institutional review board.
Catheterization Protocol
All patients were studied in the fasting state after premedication with diazepam In patients undergoing catheter balloon valvuloplasty, transseptal left atrial puncture was accomplished, and mitral valve dilation was performed using a single large-balloon technique.8 After 215 minutes of stabilization, high-fidelity data and thermodilution cardiac outputs were again recorded at the baseline heart rate and at the highest paced heart rate reached during the prevalvuloplasty protocol.
Data Analysis
The methods for signal-averaging, Fourier analysis of pressure and flow data, and computation of the impedance, power, and reflection spectra have been previously reported.679 Pulmonary vascular resistance was computed in standard fashion using cardiac output, mean PA pressure, and mean pulmonary wedge pressure. Impedance moduli were computed from Fourier components of signal-averaged pressure and flow data, averaging at least 25 cycles for each data collection. Characteristic impedance was calculated by averaging the impedance moduli falling between 2 and 12 Hz. This range was selected to avoid the effects of the steep fall in impedance at the first harmonic as well as the possible effects of noise at higher frequencies. In addition, we eliminated pressure and flow harmonics that fell below the Fourier-determined amplitudes of signal-averaged in vitro recordings. These levels were 0.5 mm Hg pressure and 5 ml/sec flow. Because the first harmonic of flow contains a large proportion of the total, the first harmonic of impedance is reported separately.
We resolved the measured pressure and flow waveforms into their forward and reflected components as previously described.9-"1 From the time-domain decomposition into forward and reflected waves, the reflection factor is defined as the ratio of the peak reflected wave amplitude divided by the peak forward amplitude. ture. Consequently, we also divided total power by the cardiac output to yield WT/CO, or total hydraulic power expended per unit forward flow. This quantity is a measure of ventricular-vascular coupling because it defines the degree to which expended hydraulic power results in forward flow.
Statistical Analysis
Results are presented as mean+±SD. Baseline data were compared with data recorded at the highest paced rate in all 16 patients using a paired t test. For the subgroup of eight patients who underwent valvuloplasty, two-way repeated-measures ANOVA was used to determine the effects of pacing and the effects of valvuloplasty. The interaction term was significant for only one variable (pulmonary wedge pressure), where the results of one-way repeated-measures ANOVA were used. Linear regression was used to correlate baseline PA pressures with the values of selected pulmonary vascular properties and to evaluate the relation between patient age and PA properties. In Figure 3 , comparisons of harmonics of impedance and flow were done using paired t tests with a Bonferroni adjustment. A value of p<0.05 was considered significant, although it is recognized that higher p values may indicate important trends, especially when the number of observations is small. All statistical computations were carried out using STATVIEW ii and SUPERANOVA statistical software (Abacus Concepts, Berkeley, Calif.).
Results

Baseline and Pacing Hemodynamic Data
Cardiac catheterization results in all 16 patients revealed significant mitral stenosis. In Figure 2 , the effects of pacing on PA impedance at various rates are shown for one patient. Resistance, first harmonic impedance, and impedance at higher frequencies all decline in this patient. The spectra are similar in overall appearance. Impedance phase first crosses zero at the location of the first modulus minimum. In the group as a whole, however, only first harmonic impedance decreased significantly during pacing tachycardia. Baseline and Pacing Hydraulic Power Data Table 3 presents hydraulic power data in the baseline state and during pacing tachycardia. Despite increased mean PA pressure, total dissipated hydraulic power expended per unit forward flow decreased during pacing. Oscillatory power also decreased; therefore, a greater proportion of total power expenditure was directed toward producing forward flow rather than oscillations. Tables 4-6 
Effects of Valvuloplasty
PA Impedance in Chronic Pulmonary Hypertension
Several previous studies have reported alterations in the pulmonary impedance spectrum in chronic pulmonary hypertension.17-'9 The characteristic impedance at the entrance to a vessel is inversely proportional to its cross-sectional area and elasticity. Increased PA characteristic impedance therefore signifies considerable reduction of the distensibility of the major pulmonary arteries20 since their size is generally increased in pulmonary hypertension compared with normal.2' The mean characteristic impedance reported here (62±25 dyne-sec/cm5) is comparable to that previously found in patients with mitral stenosis17,19 and slightly higher than that found in chronic congestive heart failure.22 All of these values are elevated in comparison to PA characteristic impedance in normal humans of 20-30 dynesec/cm5.7171923 It has previously been assumed that structural changes in the PA wall due to chronic increases in pressure are responsible for altered impedance, as has been found in pediatric patients with pulmonary hypertension due to congenital heart disease. 24 However, the additional effects of acute changes in pulmonary pressure were not examined in any of the previous studies. The absence of change in PA characteristic impedance in the present study during pacingmediated tachycardia or immediately after balloon mitral valvuloplasty would support the view that structural alteration in arteries resulting from chronic pressure elevation is necessary to produce increased characteristic impedance.
Pulmonary Reflection Characteristics in Mitral Stenosis
Pressure and flow waves in the human pulmonary artery travel at velocities of 2-5 m/sec,'7 making it likely that their return to the arterial inlet occurs during right ventricular ejection. Because pressure reflections are additive to the incident pressure and flow reflections subtract from forward flow,10 arterial wave reflections have the potential to interfere with optimal ventricular ejection performance. PA wave reflection in patients with mitral stenosis has not been examined previously. In the present study, baseline wave reflection amplitudes averaged 0.43 of the incident wave amplitude, and there was a significant correlation between mean PA pressure and reflected wave amplitude. The peak reflected wave returned, on average, at 70% of the right ventricular ejection time. This suggests that increased PA stiffness, elevated small-vessel resistance, and reflections all contribute to an abnormal right ventricular hydraulic load in mitral stenosis. In the pulmonary circulation, only the studies of Yin and coworkers2526 have previously examined wave reflection properties. In their patients with congestive heart failure, PA reflected/forward amplitude ratios ranged from 0.52 to 0.86. These higher values are probably related to greater Abnormal low-frequency PA impedance in mitral stenosis, therefore, appears to be in part secondary to labile factors that can be quickly reversed. Reversal of both resistive and high-frequency components may require a longer period of relief from pulmonary hypertension. The present study was not designed to determine the time course of delayed improvements in these parameters, although such data would certainly be of interest. 120  84  120  82  52  88  58  20  25  15  17  11  18  6  7  6  64  120  80  120  61  24  57  35  27  40  18  25  22  32  9  15  7  79  119  79  123  46  24  48  17  28  37  26  33  21  32  17  25  10  78   122   82  122  64  45  55  42  37  46  22  26  26  30  10  14  12  90  130  87  130  47  30  76  45  43  43  25  24  26  30  8  11  13  90  148  92  132  35  19  43  28  40  51  37  36  24  32  22  26   14  98  143  97  140  34  16  28  17  43  50  42  44  32  38  30  35  15  91  148  87  142  50  26  65  33  58  61  34  41  24  29  10 Pacing  Patient line  1  PBV  2  line  1  PBV  2  line  1  PBV  2  line  1  PBV  2  117  91  97  113  96  114  150  161  180  113  148  125  195  250  93   36  42  33  85  72  48  81  68  181  10  169  230  211  188  124  112  97  59  12  318  259  217  179  194  101  102  59  13  410  510  295  206  189  173  119  96  14  262  374  335  293  206  189  183  152  15  579  619  339  412  312  259  144 Importance of Low-Frequency Impedance for Right Ventricular-Vascular Coupling Our patients experienced no immediate marked improvement in pulmonary characteristic impedance after valvuloplasty, although there was a trend in this direction. A significant fall in first harmonic impedance was recorded, however. Impedance at these low frequencies is particularly important since the first harmonic of flow contains a large proportion of the total flow pulse and more than any other component, including the mean term.4,23 Therefore, first harmonic impedance should have a significant impact on the hydraulic power requirements placed on the ejecting ventricle. Our data show that a significant fall in hydraulic power requirements did occur, despite unchanged pulmonary resistance. This should allow the ventricle to operate under more favorable circumstances. Figure 3 demonstrates this preponderance of flow information at the first harmonic as well as the significant decrease in impedance at this frequency that follows relief of mitral stenosis. Pulmonary resistance, meanwhile, exhibits a less marked decline. The relative importance of these steady and pulsatile terms has been the subject of numerous laboratory investigations.35-38 Although changes in mean pressure alone clearly affect ejection performance,36 pulsatile effects also play an important role.29 '39 In particular, the recent work of Sunagawa and coworkers38 has shown that pulsatile behavior at low frequencies is quantitatively more important than that at higher frequencies. The present data indicate that reduction in low-frequency impedance is accompanied by increased flow in the same frequency range. This implies improved ventricular-vascular coupling and was demonstrated whenever first harmonic impedance decreased, regardless of whether this occurred during increased or decreased mean PA pressure. 
Study Limitations
Application of Fourier analysis and transmission line theory to the vascular system assumes linear behavior of the system. Although this assumption is not entirely justified, the errors introduced by nonlinear behavior have been thoroughly analyzed and appear to be small.l74041 As Figure 2 demonstrates, PA impedance spectra obtained in the same patient at various heart rates are similar in shape.
Single-point determination of flow velocity by a catheter-mounted transducer assumes a relatively blunt velocity profile at the entrance to the great vessel. This assumption has been justified to a limited degree in the animal and human PA.4243 The situation is less clear in the presence of pulmonary hypertension. However, velocity signals resembling those reported here have also been found by Doppler methods in patients with pulmonary hypertension,"4 and PA impedance values calculated using an independent velocity method have given results similar to those of the present study in patients with normal and elevated PA pressures.17 Thus, catheter velocity signals appear to provide a reasonable representation of instantaneous flow velocity in the proximal PA.
The noise inherent in catheter velocity signals is greatly attenuated by time domain signal averaging. This process minimizes any effects of respiration by averaging over at least 25 beats, enough to span several respiratory cycles. In addition, the noise levels of the pressure and flow measuring and recording systems utilized in this study were predetermined, and harmonics of pressure and flow falling below these levels were not included in the analysis. These criteria resulted in exclusion of <10% of harmonics below the seventh.
Mitral valvuloplasty is occasionally complicated by left-to-right shunting through an iatrogenic atrial septal defect. If such shunting occurred in our patients, the calculations of PA resistance and impedance would still be accurate since cardiac output was measured by a PA thermodilution method. Postprocedure systemic and pulmonary oxygen saturations measured after valvuloplasty in four of the eight patients revealed that the pulmonary-to-systemic flow ratio averaged 1.2. It therefore appears unlikely that shunting significantly influenced our results.
Our patient population represents a wide range of ages. There were no significant correlations between the ages of the patients and their baseline hemodynamic characteristics nor with the changes in these quantities during pacing.
Conclusions
The findings of this study may be summarized as follows: 1) chronic pulmonary hypertension in mitral stenosis is associated with elevated pulmonary vascular resistance, impedance, and high-amplitude arterial wave reflections; 2) acute increase in resting pulmonary hypertension does not further elevate characteristic impedance or reflection amplitudes but causes a decrease in low-frequency impedance that is associated with lower pulsatile hydraulic power requirements; 3) amelioration of chronic pulmonary hypertension by relief of mitral stenosis favorably alters PA impedance in that a decrease in low-frequency impedance occurs; and 4) improvement in low-frequency impedance is associated with an increase in flow in the same frequency range and therefore improves right ventricularvascular coupling. These findings underscore the importance of considering both steady and pulsatile terms when assessing vascular properties. In particular, they direct attention to the pivotal role of low-frequency impedance for determining optimal ventricular hydraulic load. Efforts to treat or prevent right ventricular failure due to pulmonary hypertension might best be directed toward therapies that lower both PA pressure and low-frequency impedance. 
